General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



NASA CONTRACTOR REPORT 166512 


The Effects of CO and HCN on Pole* Jump 
Avoidance- Escape Behavior 


k v.'o'’ vv i 



W. Winslow 


(NASA-Cii- ItobS I^) Hit tJtttCTS C£ CO kHv tlOiH 
ON POtii-JUMP AV0IDANCi-E3CAP£ EhdAVIOu 
Jo£e State Uuxv., Calif.) I2U p 
tiC A06/NP AJl C:.c-u JbC 

G3/33 


N63-32301 


Uocias 
1 3327 


GRANT NCC2-4 
August 1981 





NASA CONTRACTOR REPORT 166512 


The Effects of CO nad HCN on Pole-Jump 
Avoidance- Escape Behavior 


William Winslow 

San Jose State University 

San Jose, California 


Prepared for 

Ames Research Center 

under Grant NCC2-4 


IWNSA 

National Aeronautics and 
Space Administration 

Ames R^earch Center 

Moffett Field, California 94035 


ORIGINAL PAGE IS 
OF POOR QUALITY 


01 - 


CONK-NTS 


ACKNOM.lUKU-MI-NrS 




LIST Ol' TABLI-S 
LIST 01- FIGURl'S 


Chapter 

1 . INTRODUCTION 

2 . LITERATURE RliVIEW 

Behavrioral End Points Currently Used 
in Acute Toxic Gas Studies .... 

Carbon Monoxide 


General Toxicology 

Behavioral Toxicology 

Hydrogen Cyanide 

The 1 ,’yanide Receptor 

Acute Pose- Response and lUoot id 
Tissue Concentrations 

General Syinptomology oC Acute 
Cyanide i'xposure 

Bioenergetics 

Cyanide and the Central Nervous 
System 

Cvanide and the Circulatory System 

Conclusion and Summary 


n . 


METHODS AM) MATERIALS 


General i nt rodiic t ion of Methodology 
and Ecjui [linen t 


i V 


I i i 
V i i 
viii 

I 

7 

7 

9 

9 

10 

12 

13 


14 


18 

20 

20 


27 


29 


29 


PRECEDING PAGE BLANK NOT PIEME0 


ORIGINAL PAGE 19 
OF POOR QUALITY 

('hapter 

Introduction to Terminology 

Pole*. Jump Apparatus 

Genc.ral Training Methodology . . . . . 

Gas Delivery Apparatus and Gas 
Analysis Procedures 

Toxic Gas Testing with CO and HCN . . . . 

Subjects 

Carbon Monoxide- Dynamic Concentration 
Methodology 

Recovery of Conditioned Behavior 
After CO Intoxication 

Carbon Monoxide-Static Concentration 
Methodology 

Carboxyhemoglob in Conceiu . .n ion at 
I. OSS of liscape and Death 

Half Life of COHb in Mice 

Hydrogen Cyanide 

4. R.HSULTS 

Base Line Response 

Dynaii'ic Concentration Tests with CO . . . 

Recovery of Conditioned Behavior After 
CO Exposure 

Static Concentration Tests with CO . . . 

Carboxyhemoglob in Concentration at 
loss of Escape and Death 

The Half Life of COHb in Mice 

Hydrogen Cyanide 


/ 

Page 

29 

30 
41 

48 

55 

55 

5b 


r ^ 

O / 


57 

59 

59 

()0 

01 

01 

61 


06 
0 0 

70 
7 0 
72 


Of POOR QUAlift 


V I 


Chapter 

5, lU.SCUSSl CX 75 

Uationate for development of the 

Pole-.Uiap Apparatus 75 


dynamic Concentration Tests with CO .... 7« 

Vhe Relationship of CO Concentration 

aiul duration of Uxposure to the 

Behavioral Changes B5 

Static Carbon Monoxide Concentration 
Tests *...*»*•****•»»•••• 

A Comparison of Carboxyhemoglobln at 

Loss of Uscape, and at Other Reported 

Behavioral find Points B7 

ILilf life of COKb in Mice iind Its 

Relationship to Recovery of 

Pole- Ump Behavior ............ 

Hydrogen Cyanide ............. dl 

How the CC .ind HCM Data Are Used to 

Interpret a Radiant Panel Burn D4 

0. COXCI HSIONS 

iu:pprhncps emu nu 


Ri:?‘HRHNCi;S 


uu 


ommwL fM€ m 
Of focm QUALiry 

UST OF TABLFS 


Table Fuge 

1. Blood and Tissue Cyanide Concentrations 
in Rabbits and Sheep Killed by Cyanide 
Injections (Ballantyne et al . 1972; 

Eallantyne 1975) ........ 15 

II. Sumraary of Dynamic CO Exposure 

Pole*Jump Experiments ............ 62 


in. Analysis for Best Fit Curves to Describe 
the CO Concentration and Behavioral End 
Point Data of Table II and Figure 20 ... . 67 

IV. Recovery o£ Pole-Jump Behavior 

After Loss of Escape 68 

V, Static Exposure Pole-Jump Expernnents at 

Two Carbon Monoxide Concentrations ..... 6U 

VI . Summary of Behavior During Hydrogen 

Cyanide Exposures .............. 75 


vii 



mmmwmm 

m pcxxi QiMirfY 


LIST OF FIGURES 

Figure * Pag® 

1. Plexiglass Sox 31 

2. Stainless Steil Partitions ......... 32 

3. Stainless Steel Shock Grids 33 

4 • Chamber Bottom ............... 34 

5. Flexure Beams ................ 36 

6. Pole Lever System .............. 37 

7. Mouse Pole-Jump . 38 

8. Lights and Tone (CS) 39 

9. Control Module ......... 40 

1». Ail lilements of the Pole-Jump Apparatus ... 42 

11. Typical Mouse Training ........... 45 

12. Training Paradigm-Sequence of Hvents .... 44 

13. Injecting a Mouse Into the Chamber ..... 46 

14. Gas Mixing Apparatus Under the Walk-In 

Hood . 49 

15. Homogenisers and Flow Controllers SO 

16. Gas Inlet Fitting Into the Response 

Chamber Lid and the Four Inch Mixing Fan . . 51 

17. CO Sampling Septum . . . . . . . . . . . . . 52 

18. NaOH Scrubber for HCN Determination ..... 54 

19. Typical Integration of CO Plots to Deter- 
mine (CT) at Behavioral End Points ..... 63 

20. Dose Response for the Initial Behavioral 
Change and Loss of Escape in the Dynamic 

CO Exposures 65 


vi i i 



OMONAL mm 19 
09 POOR QUAUTY 


ix 

I'agc 


l-igure 

21. Decay of CDHb in Mice After a 20 Minute 

Exposure to CO , . H 

22. Dose Response for Loss of Esc.npe in 

Hydrogw'n Cyanide Exposures ......... 74 

23. Typical Example of Loss of Escape in 

Less riian o Minutes ............. 80 

24. Typical lixample of Loss of Escape in 

6>12 Minutes ................ 81 

25. Typical Example of Loss of Escape in 

13-25 Minutes fl) . . . 82 

26. Typical Example of Loss of Escape in 

13-25 Minutes (2) 85 

Zi, Animal Response and Toxicant Concentrations 

During a Typical Polymer Burn ........ 95 


1 




Gumm, ptm m 

or POOH QUALITY 


Chapter 1 

I 

INTRODUCTION 

Each year fires cause thousands of deaths and mil* 
lions of injuries in the United States (Autain 1974). Home 
owners • hotel guests, rail , bus and air travelers, military 
personnel and of course fire fighters are frequently 
effected. 

Fires are a complex phenomenon that pose multiple 
hazards. Heat and flames are the most spectacular dangers 
encountered, and their consequences are fairly well under- 
stood. Unfortunately , over h.il f of the deaths in fires are 
not caused by heat and flames but by exposure to toxic com- 
bustion products (Autain 19T4) . 

Buildings, buses, trains and airplanes are con- 
structed of or furnished with materials that produce dan- 
gerous gases, vapors and particulates when they burn. The 
gases commonly encountered have been classified by mode of 
toxic action into asphyxiants, including i"0, IU*S and 

I# 

and respiratory irritants, such as NO^, St',, tiCl , NH 5 . 
acrolein and other aldehydes (Ullado and i:umraing 1977). 
Unfortunately, the vapors and particulates are extremely 
complex mixtures that have been difficult to separate. 

During the past 15 years, the toxic threat of 
combustion products has been assessed by various agencies: 

1 


i 



or POOi QUALITY 


2 


including NASA . the KAA, the erned forces, state govern- 
nents and private industry. The toxicity of traditional 
huilding and decorating Materials, such as wood, cotton and 
wool, have been conpared to newly developed synthetics, 
like nylon and urethane ioans. In Most cases, assessMent 
of toxicity involved exposing rodents to coMbustlon prod- 
ucts while monitoring changes in behavior or physiology. 
Researchers froM each of the previously Mentioned agencies 
have developed systems for measuring toxicity end points 
they feel are significant. Many of the behavioral test 
systems are described in the literature review. 

The Toxicology Section of the Department of 
Biological Sciences, San Jose State University and NASA 
Ames Research Center have recently developed a toxico- 
logical assay, including both behavioral and physiological 
end points, to Interface with the NASA Radiant Panel Test 
System. The test system, which is used by NASA to analyze 
the combustion products evolved from plastics, is a closed 
rectangular steel box with a quartz window In one wall. 
Samples of plastics are placed behind the window, exposed 
to radiant heat from an electric pane* and the combustion 
products are identified. The plastic sample weight to test 
system volume is the same as exists in wide body jet air- 
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In a fire, the critical change in the victin 
otcuri when he U unable to recognise or respond to danger. 
As a result. It seened logical that a behavior requiring 
integration of ps>'Chological and notor functions necessary 
far successful escape should be included in the new toxico- 
logical assay. 

Robert Holies (1970) described species specific 
defense reactions, including running and Juaping, used by 
rodents to avoid or escape danger in their natural envi- 
ronments. The rodent defense reactions seemed to have the 
potential for being the basis of a pertinent and simple 
model to assess adverse behavioral changes caused by com- 
bustion products. 

An automated pole-jump apparatus that uses a 
discrete trail avoidance-escape paradigm was developed to 
observe, and quantify toxic symptomology in mice exposed to 
combustion products. Along with a continuous record of 
benavioral changes, t*wo toxicity end points were deter- 
mined, the first termed the Initial behavioral change, and 
the second termed loss of escape. The animals were unen- 
cumbered in the apparatus to simulate a typical fire 
victim. 

The pole- jump model assesses the initial and sub- 
sequent behavioral changes occurring in combustion product 

/ 

exposures. In contrast, previous models that used the 
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final ftagea of intoxication at their enti points have pro- 
vided little infomnt ion about the early hehavloral tox- 
icity. 

In order to deternine the effects of coMhust ion 
products on avoidance-escape behavior, this thesis con- 
siders behavioral changes caused by two gases* CO and HCN, 
comionly found in fires. The gases were tested first, 
Instead of a burning polyaer, because there is so little 
information on the effects of combustion product con- 
stituents. This approach is based on the belief that cer- 
tain significant components are primarily responsible for 
combustion product toxicity. 

As stated previously, the gases chosen to be 
tested were CO and HCN. Carbon monoxide, a product of 
incomplete combustion of carbon compounds, is found in all 
fires. and is considered the primary cause of death due to 
smoke inhalation (Autain 1974) . Hydrogen cyanide , produced 
by nitrogen containing materials, such as polymeric amines, 
is also a common component of combustion products; however, 
its contribution to toxicity is not known , 

The CO study assessed the impact of exposure to 
increasing or dynamic and static CO concentrations, fn 
contrast to a static condition, vlynamic concentrations 
approximate CO production occurring in radiant panel tests. 
In order to illustrate that the mouse pole- jump model was 
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eoapttible with thw radiant pantl* the dyntsic te»ti repro- 
duced CO concent ret ion chengti previously recorded in burns 
of synthetic eeteriels. The dose -response relationship 
between the everegt CO concentration in the dyneeic tests 
end changes in evo idence - esc epe behavior was investigated. 
In addition, the possibility was considered that, during an 
exposure , CO would produce a typical pattern of behavioral 
changes conpareble to the unique pattern produced by other 
toxic gases Finally, the relative iaportence of CO con- 
centration and exposure duration on lots of avoidance and 
escape, in the pole-jump test, was analyzed. 

The static CO exposures were done at two CO con- 
centrations. The intent of these experiments was to deter- 
mine the variation in time to the behavioral end points 
aniraal?^ in the test population. 

Carbon monoxide binds with hemoglobin interfering 
with oxygen transport in the blood (Stewart et al. 1970). 
The percent c.irboxyhemoglobin (COHb) is often associated 
with toxic symptomology , Thus, it was necessary to deter- 
mine the percent COHb of test animals immediately after 
loss of escape. In order to discuss the equivalency of 
models used in combustion toxicology, the percent COHb at 
loss of escape was compared to similar values reported by 
other authors for their systems. In addition the percent 
CCJHbs at loss of escape and at death , in animals killed by 
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CO, were contrasted. FinaU*/» the relationship of Coith 
Concentration decay in mice after CO exposure and recovery 
of avoidance-escapi- behavior follow ini; CO intoxication was 
investigated. 

A second series of experiments analyzed the tox- 
icology of hydrogen cyanide. The first goal was to show u 
dose response for loss of escape in the pole-jump appa- 
ratus. The second was to compare the pattern of behavioral 
changes during an HCN exposure with the pattern caused by 
CO, The third goal was to subjectively observe behavioral 
symptomology characteristic of HCN intoxication. Finally, 
a method of using the CO and HCN data to interpret 
behavioral changes occurring in the radiant panel burns of 
synthetic materials was discussed. 
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Behavioral End Points Currently Used 
in Acute Toxic Cas Studies 

The behavioral test systens that are used to 
assess the effects of exposure to high concentrations of 
toxic gases in animals can be separated into three cate> 
gories. The first category tests motor function. The 
second uses positive reinforcement to test for changes in 
motivated behavior. The final category Includes tests of 
avoidance and escape behavior that use aversive control. 

The rotating cage or wheel, the most common 
example of a motor function test , evaluates incapacitation 
Animals are judged incapacitated when, instead of main- 
taining pace with the externally driven cage, they tumble. 
Biriy et al. (l^Tb), Crane et al. U9?7), Saito (1977) and 
Russo and Kaplan (1978) used this device to determine how 
much CO and HCN were required to incapacitate rats. 

In positive reinforcement test systems, rats are 
trained to obtain food pellets by performing on a 
behavioral schedule. Merigan and Mclntire (1975) trained 
rats on a progressive ratio schedule and then exposed them 
to CO. In this paradigm, rats were rev/a rded with food pel 
lets if they pressed a bar the correct number of times. 
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After each reward the number of bar pretsses required tor 
the next pellet mus increased. The animals were considered 
behaviorally affected when r^ey would not press the bar 
enough times to complete the next ratio. 

The majority of test systems use aversive control. 
The theory of aver'^ive control or negative reinforcement is 
explained in the psychology literature (Hineline 1977). 
l-antino and Logan ( 1979) , however » wrote an excellent book 
that discusses its use in biological experimentation, tn 
avers ively controlled test systems, shocks arc used to 
shape desired behavior. Packhan et al. (lt>76) developed a 
leg flexion apparatus that trained rats to keep their hind 
legs flexed above a shock grid. Inability of the rats to 
hold their legs above the grid was the behavioral change of 
Interest during toxic gas exposures. Mitchell et al. 

(1978) and Russo and Kaplan (1978), to test for loss of 
coordination during toxic gas exposure, trained rats to 
walk on a rotating horizontal rod situated over a shock 
grid. The pole* jump response, used by Pi 1 ley et al. (197«) 
and discussed in this thesis, tests for changes In discrete 
trial avoidance-escape behavior. 

The final system in the category of aversive con- 
ti'ol is Sidman or free operant avoidance. In Sidman 
avoidance, rats are trained to avoid a shock by pressing a 
bar, Hach bar press delays the next shock for a specified 
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iiittrv«l» for exanplt 20 tocondi . In tin«» tho ftniaal 
loams to prass tha bar often enough to avoid all shocks. 
Russo and ICaplan (1978) reported on the increase in shock 
rate of Sidnan avoidance tmined aninals exposed to CO. 

Carbon Monoxide 

General Toxicology 

The toxic effects of CO in aniwals and husians have 
previously been reviewed in a nueber of Journals, and gov* 
eminent publications. These include an Environmental 
Pollution Panel report in 1965, a comprehensive biblio- 
graphy with abstracts (Cooper 1966) , a National Research 
Council report in 1969 and a complete volume of the Annals 
of the New York Academy of Sciences in 1970 (Coburn 1970). 

Most authors feel that carbon monoxide's adverse 
effects are due to its interference with normal oxygen 
transport in the blood (Bartlett 1968; Goldsmith and l.andaw 
1968) . The affinity of CO with reduced hemoglobin is 
200*250 times that of oxygen (Forbes et al, 1945; Forester 
1970; Stewart et al. 19’^0), so that CO reduces the oxygen 
carrying capacity of blood producing symptomology similar 
to hypoxia. In addition, COHb shifts the oxygen -hemog lob in 
disassociat ion curve to the left causing available oxygen 
to he released in the tissues at lower than normal oxygen 
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partial pressures (Koughton and Darling 1044). other 
authors , however, stress carbon iionox idc*s importance us an 
inhibitor of heme containing enzymes such as cytochrome c 
oxidase {Chance et al. 1970), 

Whether CO works primarily to disrupt oxy»ien 
transport or acts in the mitochondria to inhibit cytochrome 
c oxidase» the net effect Is that electron transport and 
oxidative phosphorylation are diminished. The reduced 
energy supply is particularily damaging to organs that have 
large energy requirements, such as the liver, the kidneys, 
the heart and the brain {Chance et al. 1970). 

Behavioral Toxicology 

The behavioral toxicology of carbon monoxide in 
both humans and animals was reviewed thoroughly by Latis 
and Merigan in 1979. The primary conclusion drawn was that 
CO affects animals and man by slowing the rate of any 
behavior tested; including eating, drinking, swimming, 
wheel running, active avoidance and free operant con- 
ditioning. 

Although the literature covered in the bat is and 
Merigan review was extensive, most human and animal sub- 
jects were exposed to less than 790 ppm CO. Unfortunately, 
the Combustion toxicologist is concerned about CO concen- 
trations greater than 700 ppm occurring in the fire 
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environnent . It U necttstry. then, to consider the infer- 
tuition avaUable on exposure to high CO concentre tiois not 
included in the Letts end Herigan review. 

Carter et el. (l$73> reported that rats exposed to 
100(1 ppm CO for l.S hr had a reduction In their FR-IS 
response rate to 51 of base line. On a FR or fixed ratio 
schedule, positive reinforceitent occurs after emission of 
a fixed number of responses {Fantlno and Logan 1979). Rats 
exposed to 194? ppm carbon monoxide fell off a rotating rod 
in 22 min and lost leg flexion behavior in 50 min (Mitchell 
ct al. 19781, Russo and Raplan (19781 measured the effects 
of increasing CO concentrat ions (0-5000 ppm) on 2 types of 
behavior. They found that rats trained in Sidman avoidance 
were incapacitated in 45 min when the CO concentration was 
2900 ppm. Rats tested in rotating cages were unable to 
cojttiuue running after a 20 min exposure to a mean CO con- 
cent r a t i on of 1 7 I ppm . 

Due to the obvious dangers, there is little infor- 
mation on the effects of exposure to high CO concentrations 
in humans. The primary studies in this field were done by 
Stewart and his colleagues (Stewart et al. 1970; Stewart 
et al. 19'’51. in the 19?5 report, human volunteers were 
exposed to looa 5000 ppm CO for 10 min at the low dose 
decreasing to 45 sec at the high dose. Parameters mon- 
itored were rate of COHb formation, changes in l;KC and 
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respiration, spontaneous and evoked brain electrical 
activity and subjective responses . In 2 of the Id* subjects 
tested, mild frontal headaches were noted after 2 min expo- 
sure to 15000 ppm, and one other subject experienced pre- 
cordial pounding in 45 sec at 3S000 ppm. Stewart et al. 
11970) exposed volunteers to CO concentrations of lOO-lOOO 
ppm. During the 1000 ppm test, the CO concentration was 
increased to 1000 ppm (2 hrs) and maintained for 30 min. 
Toxic symptomology included mild to incapaci tatlngly severe 
headaches, loss of coordination and changes In brain wave 
patterns . 


Hydrogen Cyanide 

The following is a general review of cyanide tox- 
icology. Little attention has been paid to the behavioral 
toxicology of HCM gas. Although the few authors who have 
reported subjective observations of acutely exposed animals 
are included, a majority of the review covers a wider range 
of cyanide studies. The review, therefore, is intended as 
a starting point for the explanation of behavioral changes 
caused by HCM. It is also the only HCN review available 
and, hence, should be of value to others interested in the 
subject . 

Information from the very diverse cyanide liter- 
ature has been arranged into the following subject 
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h«*dingi: U tho cyanide receptor, 2) acute dose-reeponse 

and blood and tiasue concentrations, 3) general sy«p* 
tocology of acute cyanide exposure, 4) bloenergetlcs, 

5) cyanide and the central nervous systen and 6) cyanide 
and the circulatory systeiii. 

The Cyanide Receptor 

It is generally accepted that cyanide expresses 
its toxic effect by inhibiting cytochrowe c oxidase, tho 
final enzyme in the mitochondrial electron transport chain 
(Yonetani and Ray 1965; Nicholls et al. 1972). Hydrogen 
cyanide has a pK of 9.3 and so is undissoclatod at bio- 
logical pH. The undissociated acid is considered an uncom- 
petitive inhibitor of cytochrome c oxidase (Yonetani and 
Ray 1965; Yoshikawa and Orll 1973; Smith ot al. 1977) that 
binds most readily to the form of the enzyme 

(Nicholls et al. 1972; Nicholls et al. 1976). The 2+ and 
3-»* refer to the oxidation states of the enzyme's heme 
irons. The inhibited a"‘^a^*-HCN can react with oxygen to 
form a^*a^*-llCN, however the oxidized form can not be 
reduced. This terminates electron transport and, as a con- 
sequence, stops aerobic energy production in the mito- 
chondria. 

The inhibition constant of cyanide with cytochrome 
c oxidase had been determined by various authors. 7 he 



omom^L PM£ IS 

or rocm quauty 

14 

reported values include l*S uM (Schubert and Brill 196S) , 

0 . 1*1.0 uM (NIcholls ct al * 1972), 0,5 mM (Yoshikawa and 

Orll 1975) and 0.5 uH (Auclalr et al, 197b) . Cyanide 

Inhibited the catalytic activity of cytochrome c oxidase in 

both polarographic and apectrophotometric assay systems 

% - 1 - 1 

with an apparent velocity constant of 4.0 x 10 N ‘S 
(Nicholls et al. 1972). 

Acute Dose Response and Blood and 
Tissue Uoncehl: rations ' 

In mammals, the cause of death in acute cyanide 
exposures by any route is respiratory arrest (Smith ot al. 
1977). The acute for 5 min exposures to HCN gas for 

rats and mice respectively were 505 and 325 ppm (Higgins 
et al, 1972). The LDg 0 for injected (iro) HCN in male rab- 
bits was 0.95 mg/kg (Ballantyne et al, 1972). 

The blood and tissue cyanide concentrations of 
rabbits killed by HCN and KCN injections ami sheep killed 
by KCN injections are summarised in Table 1 fbaUantyne 
et al. 1972; Ballantyne 1975). These authors drew the fol- 
lowing conclusions. 1) The whole blood cyanide concen- 
tration is greater in animals killed by HCN injections than 
KCN injections, because undissociated HCN diffuses into the 
blood more rapidly. 2) Cyanide is found primarily in the 
blood, as most organ cyanide is lost in perfusion. An 
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Blood and Tittua Cvanlda Coneantratlont 
in Rabbits and Shatp Klllad by Cyanida Injactlona 
(Ballaneyna at al. 1972; Ballantyna 1975) 


Tie sue 

Rabbits 

Shaap 


HCW 

KCH 

KCN 

Whole Blood 

685** 

453 

331 

Sanm 

275 

161 

157 

Plaama 

«» eses 

... 

146 

CSF* 


... 

124 

Liver 

148° 

82 

mm m 

Liver 

(perfused) 

43 

7 

wm m m 

Brain 

145 

106 

m m m 

Brain 

(perfused) 

289 

98 



® CSF Is carabrospinal fluid 

^ blood, serum, plasma and CSF 
in Mg CN’/IOO ml 

^ organs in CN^/lOO gm wet 
tissue 
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exception is the brain Mhich way have a selective cyanide 
uptake. 3) In sheep, the plasiia, sc run and cerebrospinal 
fluid cyanide concentrations were sin liar indicating that 
cyanide noves across the blood brain barrier* 

The reports of hunan tissue cyanide concentrations 
were accumulated from autopsies of suicide and fire vic- 
tims. In humans the fatal whole blood concentration of 
cyanide from cyanide salts was estimated to be 3«0 ug/ltHJ 
ml (Curry 1963; Graham et ai. 19?7) and 500 ug/lOO ml 
(Sunshine and Pinkie 1964). In one case a young man 
ingested a massive dose of cyanide salt . After 12 hours of 
hospitalization, his whole blood cyanide level was 200 
ag/100 ml. Using the kinetic data on the rate of cyanide 
detoxification in humans, it was determined that his peak 
whole blood cyanide concentration was nearly 300 ug/lOO ml 
(Graham .et ai . 1977) . 

In a report summarizing autopsy findings from 2h 
victims of cyanide salt poisoning, Sunshine and Pinkie 
(1964) found that the brain had the lowest cyanide concen- 
tration, Increasing concentrations were found in the 
liver, kidney, whole blood and spleen. The average whole 
blood concentration was 740 iig/100 mi in the Hunshine and 
i'inkle (1964) report, while Bonniebsen and Maehly { 1966) , 
in a similar study, reported an average value of 2lo<» 
og/lOO ml. The whole blood cyanide concentrat ion in humans 
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aft«7 fatal gaa expoaurc waa 100 yg/100 nl (fa«oral ¥alit), 
SO wg/lOO atl (carotid artery) (Curry 1963) and Z6S ug/loo 
ml (Sunshine and Pinkie 1964), 

These reports indicate that victiiss of fatal HCN 
gas exposure have lower whole hlood cyanide concentrations 
than cyanide salt victias have. There are aany prohleas, 
however, in estimating a fatal cyanide dose froa huaan 
tissue or blood saaples, because the saaples are noraally 
taken hours to days after death, Por example, in one case 
whole blood removed froa a HCN gas victim moments after 
death and analyzed 14 hours later had 3S0 ug/lUO nl , hhole 
hlood from the same victim removed and analyzed 24 hrs 
after death had 50-100 ug/lOO ml (Curry 1063) . Curry 
(1003) has concluded that whole blood cyanide levels are 
labile and may increase or decrease depending on storage 
conditions, Bonnichsen and Maehly l 1966) reported that 
cyanide in whole blood stored at room temperature declined 
in concentration with time, but cyanide in whole blood 
stored at t* C increased in concentration for 1-2 weeks 
then declined. Vor this reason, it is difficult to equate 
whole hlood and tissue cyanide concentrations with esti- 
mated fatal dose. 

The efficacy of tissue and blood analyses for cya- 
nide was also discussed by Pettigrew and Fell (1072 and 
10*^3) . These authors have shown free cyanide to be very 
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unitsblt in biological fluids. The tine for one half the 
cyanide added to plasna to disappear was approxinately la 
ninutts. The analytical procedures used to determine cya- 
nide that are based on the fomation of a pyridine dye 
neasure nany forns of cyanide. So while it is the free 
cyanide in blood plasna that is toxicologically inportant* 
this form is rapidly lost and the analytical procedures 
neasure other cyanide, including thiocyanate and cyanide 
bound to hemoglobin, to enzymes and to cofactors. 

General SynntoiRology of Acute Cyanide nxposurc 

Ballantyne et al. (1972) described the symptoms of 
rabbits given im injections of HCN. in order they were; 

1) increases in rate and depth of breathing, 2 ) vocif- 
eration, 3} uncoordinated movements of the head, 4) ataxia, 
5) tremor and rectocolic spasm, b) respiratory arrest, and 
7) cardiac arrest, 

Levine and Stypulkowskl (1959) observed rats that 
were exposed to HCM gas and described 4 :>‘tagcs of intox- 
ication. 1) The rat responded by restlessness and 
increasing activity leading to violent attempts to escape. 

2) Voluntary muscular activity and postural tonus were 
greatly decreased, so that the rat lay on the exposure 
chamber floor. The animal, however, could respond to tap- 
ping on the exposure chamber walls. At this point. 
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reipi ration variod fron vory doop, ftour and rtgular to 
irrtgultr* with short ptriodi of apnoa. 3) The aniaal was 
tisantially Moribund but could still rtspond to chanbtr 
tapping by oar twitchts. Rtspiration was ragular and of 
Modaratt dapth and braathing variad Iron 40*10 par Minute. 
4) Ho ratponsa was obtained froM ehsMbar wall tapping. 
Respiration was slow and ragular and dininishad progres- 
sively in aMplituda and frequency until death occurred. If 
cyanide was discontinued before Irreversible dsMsge was 
inflicted on vital centers » the stages wore retraced but in 
Much less regular fashion. The first sign of energence 
from stage 4 was return of the ear reflex* MOvcMcnt of 
extrenities or tail * or hyperpnea (Levine and Stypul kowski 
1959) . 

According to Levine and Stypul kowski f 1959) death 
occurred froM respiratory paralysis in stage 4. I f the 
csv nide was administered until respiration was shallow, 
death was almost certain. Sometimes the animal died even 
when it was removed from the chamber at the first sign of 
weakening respiration. They felt there was a level of 
intoxication which, if attained only very briefly, caused 
irreversible damage to the respiratory center. In many 
cases, the heart continued to beat after respiration 
ceased, but artificai respiration would not revive the rats 
(Levine and Stypulkowski 1959) , Some rats recovered from 
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exposurt slowly aft<*r soveral hours and wero sluggish and 
weak. Other rats» however, recovered in less than an hour 
and showed no obvious abnornalities. 

The symptons of a human exposure to cyanide salt 
were described by Graham ct al, (1977). The victim an 
adult male 24 years of age, was stuporous, cyanotic and 
emetic. His respiratory rate was 24 per min in gasps, his 
temperature was 3b. S* C and his blood pressure was 108/112. 
Hxamination of the lungs revealed bilateral rales and 
ronchi and pluraonary edema. The victim’s nCG showed sinus 
arrhythmias with multi focal premature ventricular con- 
tractions. 

Bioenergetics 

According to Isom et al , (1975), lactic acid con- 
centration increased in mice given KCN injections ip, as 
tissue switched from aerobic to anaerobic catabolism. Isom 
et al. (1975) also reported an increase in tne pentose 
phosphate shunt to provide additional reducing power for 
glycolysis. 

Cyanide and the Central Nervous System 

The immediate effect of cyanide on the central 
nervous system of dogs and man was stimulation of the 
carotid and aortic chemorcceptors that produced a deep gasp 
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lesions could be predetetulned, to a certain extent, by 
varying the depth and duration of Intoxication (lev I no and 
€typulkowskl 1959) . The first lesions, which were observed 
within 2-4 hours of exposure , were in the corpus callosue 
(Levine and Stypulkowski 1959} • There was fenestration of 
the callosun due to the appearance of spaces anong the 
fibers. The callosun went through various structural 
changes, and the fenestrations becane progressively less 
proainent and were inconspicuous after one week (Levine and 
Stypulkowski 1959). One nonth after exposure, the callosua 
was grossly shrunken and narrower than nornal with demye- 
lination detectable to the naked eye. 

Hirano et al. (1967) reported that administration 
of cyanide by inhalation for 30 min yielded corpus callosum 
lesions in nearly all rats tested and that swelling in mye- 
linated axons was evident after only 2 hours. In contrast 
to earlier findings by Levine (lOoO), Hirano et al . (1967) 
showed that axonal swelling occurred with no apparent 
initial damage to the myelin, however damage to the myelin 
did occur later in the necrotic process. This later stage, 
called the reactive process by Hirano ct al. (1967), * 

included disruption of all cellular elements. 

Hirano and Zimmerman (1971) have done a more 
recent electronmicrographic study of rats exposed to cya- 
nide gas, They found that the swollen areas, located 
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between the nodes, were filled with cell organelles and 
debris, 

in the region of the corpus striatuai, lesions 
involved both grey and white matter. Necrotic neurons 
showed extreme shrinkage, and the necrotic white matter was 
swollen and extremely vacuolated (Levine and Htypulkowski 

1959) . 

Levine and Stypulkowski ( 1959) reported that while 
lesions of the corpus callosum were the most common type in 
large rats of 200-300 gm, lOQ-200 gm rats had more lesions 
in the corpus striatum. According to Levine (I960), the 
location and number of brain lesions was related to the 
size and species of rodents tested. There were more ani- 
mals with lesions and more lesions per animal among large 
rats and hamsters than among small rats, hamsters and mice. 
Larger animals* lesions wore selective for the white matter 
while small animals exhibited predominent involvement of 
the grey natter i Levine I960). 

The difference in numbers of lesions between large 
and small animals may be due to a greater body temperature 
drop in smaller animals during cyanide exposure (Levine 

1960) . Small animal*, exposed in artifically heated expo- 
sure chambers had increased numbers of brain It <ions 
(Levine I960). The different location 6f the lesions in 
small and large animals of the same or different species 
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could not» however, be explained by differences In body 
tejsperature {Levine 1U60). 

The cause of the white and grey eatter lesions was 
discussed by Levine and Stypulkowski (195^). Cyanide 
inhibits cytochrome c oxidase and, as a result, aerobic 
energy production* CNS ce?ls have a large energy 
requirement to maintain the ionic flux across their mem- 
branes. Certain brain cells, particularly in the white 
matter, have relatively few mitochondria and so are more 
sensitive to cyanide inhibition. When inhibition occurs 
there is not enough ATP to maintain the ion pumps. The 
ionic concentration on the inside of the cell increases 
causing movement of fluid into the coll. This process may 
account for swollen cells and the resulting fcJiest rat ions. 

A second explanation for the lesions is also based on a 
metabolic deficit, but it involves a localized difference 
in the vascular bed that limits the amount of oxygen 
available for aerobic energy production (Lessel 1971). 

Burrows et al. {19733 studied the effect of cya- 
nide on brain electrical activity in the dog using bipolar 
encephalographic leads attached to the frontal area. 
According to these authors, after IS sec, NaCN injections 
produced an abrupt loss of electrical activity, lasting for 
as long as <> min, followed by a period of depressed wave 
amplitude. 
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Cyanide tnd th» Circulatory Syrtew 

Electrocardiograms of human volunteers gl 'en 0.11> 

0.20 mg of NaCN per kg of body weight revealed a sinus 
pause (0.88-4.20 sec) followed by sinus irregularity and 
slowing of heart rate for a few seconds. Finally, heart 
rate climbed above control for one minute before returning 
to pre-exposure levels (Wexler et al. 1947). 

Continuous electrocardiograms of men executed by 
HCM gas revealed the following characteristics j 

1. Initial slowing of the heart rate which reached the 
slowest point between the first and third minutes. 
The slowing was from highly agitated control values 
of 106-160 beats per minute. 

2. Irregularity and disappearance of P waves. 

3. Irregular reappearance of P waves, some of which 
were not conducted, and a slight increase in heart 
rate. 

4. A-V dissociation with a secondary decrease in heart 
rate during the fifth minute. During the sixth and 
seventh minutes, the heart rate showed a slight 
increase and a return to normal sinus rhythm. 

5. Heart rate slowed. 

6. A-V conduction disrupted. 

7. Heart block or ventricular fibrillation. 
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Burrows et al. (1975) reported that the olectro- 
cardiograKs of cyanide treated aneathetited doga ahowcd 
sinus pause (stage one heart block), bradycardia, elevated 
and diphasic T waves and other associated arrhythmias. 

These changes were accompanied by a slight decrease, then 
immediate increase in both systolic and diastolic blood 
pressures {Burrows et al. 1973). 

The effect of cyanide on cerebral hemodynamics was 
discussed by Pitt and Traystman (1976). Cyanide was given 
to anesthetised dogs by intracarotid bolus injection or iv 
infusion. After cyanide injection, cerebral venous blood 
flow increased depending on dose from 162-3001 of control. 
These responses also occurred in chemoreceptor denervated 
animals. 

Auc lair and his co-workers treated heart muscle 
cells with I X molar KCN and showed a complete 

clearing of the mitochondrial matrix, disorganised cristae 
and lack of an outer mitochondrial membrane (Auclair et al . 
1970), After 24 hours, heating rhythm was reduced 50* and 
action potentials liad no overshoot, Auclair et al . (1976) 
was able to correlate mitochondrial ultrastructure damage 
with reduction in depolarization during the action poten- 
tial. These effects Were not evident when K{‘N concen- 
tration was 1 X 10*’^ M. tlanotc et al. (IPTo) reported that 
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in perfused don hearts cyjinlde required SO-40 minutes for 
maximal inhibition of cellular respiration. 

Conclusion and Summary 

It is apparent that not much is known about the 
behavioral effects of cyanide exposure. Most reports con- 
cern either cyanide's inhibition of cytochrome oxidase, or 
its ability to cause CNS lesions and changes in the circu- 
latory system. Hence, the importance of examining cya- 
nide's effects on avoidance-escape behavior is evident. 

A brief summary of major points covered in the 
cyanide review includes the following; 

1. Cyanide is an uncompetitive inhibitor of cytochrome 
c oxidase and does not compete directly with 0, or 
CO for their receptor site. The in vitro inhibition 
constant, k., (Lelminger li>7?) of cyanide with cyto- 
chrome c oxidase is approximately 1.0 pM. 

2. The cause of death due to cyanide exposure in any 
form and by any route is respiratory arrest. 

3. Because the fatal blood concentration of cyanide is 
lower in IlCN gas exposed animals and man th;m in 
those exposed to cyanide salts, IlCN gas is con- 
sidered to be more toxic. 
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Cyanide in dead anifluil tissue and blood is labile 
which makes it difficult to estimate the lethal con- 
centration. 

It is cyanide dissolved in the blood plasma that is 
toxicologically important . 

An easily recognised symptom of cyanide exposure is 
a deep gasp followed by hyperpnea. 

Single HC.N exposures of 20-30 min produce lesions in 
white and grey matter of rodents. The location and 
number of the lesions depends on body sijei smaller 
animals have more grey matter lesions. 

Cyanide exposure causes oxygen conservation pho- 
nomeua to occur, such as vaso-constrict ion in non- 
critical mu^icles, increases in cerebral blood flow 
and redJiction in cerebral vascular resistance. 
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Chapter 3 

METHODS AND MATERIALS 

General Introduction of Methodology and Hquipiicnt 

Introduction to Torn Ino logy 

The behavioral assay apparatus > also called a 
response chamber or pole-iump apparatus, tests for changes 
in performance of a discrete trial avoidance tusk (Fantino 
and Logan 1978). The avoidance task used allows tost sub* 
jects to escape un aversive environment, a shock grid, by 
climbing to a safe place. Rats and mice learn this 
behavior rapidly; because, as Bolles (1970) theorites, it 
is one of the species specific defense reactions already 
available in their response repertoire to meet aversive or 
damaging situations in the natural environment. 

The response chamber is designed to quantify 

* 

changes in avoidance-escape behavior. To understand the 
apparatus and methodology, it is necessary to provide a 
brief introduction to behavioral toxicology. Behavioral 
toxicology, founded in experimental psychology and pharma- 
cology, receives its terminology from the psychology liter- 
ature. Thus, these experiments test for changes in what is 
termed operant or motivated behavior. The test animals arc 
exposed to a conditional stimulus (CS) that is either a . 
tone or a light. Following the CS, an electrical shock or 
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unconditional stimulus (UCS) begins. The subject teams to 
avoid the UCS by climbing an aluminum pole. After the UCS 
there is a pause or inter- trial Interval (ITI) before the 
next CS begins. One cycle through the CS-UCS-ITI sequence 
is termed a trial . During testing the trial sequence 
repeats a specified number of times to complete a session . 
This type of conditioning is termed operant as opposed to 
Pavlovian or reflex, because the unlmaPs response directly 
affects the test sequence or paradigm by eliminating tho 
shock (Honig and Staddon 1077) , 

Pole-Jump Apparatus 

The response chamber is a plexiglass box 12 in 
long, in wide, and 11 in deep (Figure 1). The chamber 
is divided into 4 cubicles (4'i in by 0 in) by stainless 
.steel partitions (Figure 2). The floor of each cubicle is 
made of corrosion resistant steel rods in a plexiglass 
frame (Figure 3). The floor grids are designed, so that 
contact with adjacent rods completes an electrical circuit. 
Each floor grid is independently supported by 4 springs, 
one in each corner (Figure 3). The springs are held in 
place by mounting pegs that are attached to the stainless 
steel chamber bottom (Figure 4). The floor grids are sup- 
ported on springs, so that horizontal and vertical 
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displftCMcnts of th« grids esn b« trsnslstod by floxuro 
b 02 MS (Figure S) into strip chart records of aouse 
activity. 

A one half inch aluwinua pole is suspended in the 
center of each cubicle by a lever system (Figure 6) 
attached to the stainless steel partition. The poles are 
spring controlled and are adjustable to indivilual animal 
weights. When a subject jumps to the pole (Figure 7), the 
pole drops about ■ mm and closes a microswitch connected to 
a strip chart recorder. During testing » the poles are 
lightly greased at the top to prevent the mice from 
climbing up onto the lever system. 

The conditional stimuli (CS) are four 6 watt 
lights or an SO db tone (Figure 8). Each light is mounted 
on the plexiglass box, so that it is observable only from 
the appropriate cubicle (Figure 8). The unconditional 
stimulus (UCS) is provided by a Grass SD9 stimulator. The 
UCS and CS are controlled by a special module (Figure 9) 
that provides the following features: 

1. a constant voltage to each grid 

2. a basic trial paradigm of *CS-UCS- l /I 

3. a deactivation or adjustment of the CS from I -IS sec 
in 1 sec increments 

a pause between the CS and UCS from 0-15 sec 
adjustable in 1 sec increments 


4 . 










'7'':iMAL PAGE iJ 
)F POOR QUALITY 



I'li^urc (1 

I’oic I.L'vor SvstL'r 


\ 1.' • If 










OF POOR QUA'.ITY 



I'i. gurc 


40 




mmm, pim m 

or POOP QUALITY 


41 


5. An Adjustable UCS to a wax i hum of 60 sec in 5 sec 
Increments 

6. an adjustable ITI from 5-60 sec in 5 sec increments 

7. A random IT! of 30-90 sec 

Other modules provide the following adjustments (Figure 
lOl: 

1. a tone and light intensity adjustment 

Z, flexure beam sensitivity adjustments 

The CS, UCS and ITI adjustments are common for the 
four cubicles. The cubicles are independent in the respect 
that if a subject climbs on a pole after initiation of the 
light, the light is terminated and the UCS eliminated in 
that cubicle for that trial. The UCS and the floor grid 
movements, the C.S and the pole deflections for each cubicle 
are monitored on a Beckman Offner Type 9 Dynograph with 8 
channels ibigure 101 . 

Ceneral Training Methodology 

Mice were trained in the pole* jump apparatus until 
their performance level became asymptotic, termed base line 
isee Figure 11 and page 4’*V. Training was done during the 
same time perivul that toxic gas exposure would occur. 

The paradigm used for training and exposure in the 
CO and HCN studies is described in Figure 12. Fach trial 
lasted t»0 seconds i Figure 12, lane l>. The paradigm, whicli 
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Typical House Training. The numbers within the box 
are the nuitfcer cf mice, out of a group of 9. trained 
each day. Response, which is defined on page 46, 
was not recorded on Dav 1- 




TRIAL 2 
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inclttdtd a ton# (Lina 2), a shock (Una 3) and a pausa 
(Lina 2), allowad tha aniaal 13 sac to jump to tha pola 

% 

(Figura 7). A pola*juap tha first 10 sac shut off tha tona 
and alininatad tha shock (Figura 12, Lina 4). A pola* jump 
tha final 3 sac shut off tha tona and tha shock (Figura 12, 
Lina S) . Juaps to tha pola during tha XTI (Lina 6) wara 
infraquant and not considarad in tha analysis of bahavior. 

Tha following aathodology was us ad to condition a 
naiva animal* 

Day 1 

1. The animal was placed In the pole-jump apparatus by 
injecting it through the chamber wall hole (Figure 
13) . 

2. The animal was allowed 10 min to become accustomed 
to its new environment. 

3. ^The paradigm was begun. 

4. The animal was observed for its reaction to the 
shock. The most effective training shock, a current 
commonly between 0.3-0. 5 ma, caused the animal to 
jump. Shocks of less intensity, which caused the 
animal to run but not jump, weren’t as effective. 

5. After 15 rain the paradigm was turned off, and the 
animal was allowed 10 min to recover. 

6. The paradigm was then restarted, and it continued 
for 30 minutes. 
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7, Finally » tht paradigm wat turnad off, and the animal 
waa ranovtd from tha ehai^ar. 

from Day 2 until tha and of trainina 

1. Tha animal was injactad into tha pola*Jump apparatus 
and givan S min to haeoma oriantad hafora the para* 
digm uat bagitn. 

2. Tha mixing fan was started (sea page 4t and Figure 
16). 

3. The paradigm continued for SO min. 

4. Tha animal was removed and placed hack in its cage. 

The animal's progress in learning the pole-jump 
behavior was assessed each day. The paradigm allowed 15 
sec to jump to the pole (Figure 12, Line 2). The time from 
the beginning of the CS until the pole-jump, called the 
latency (Figure 12, Line 5), was subtracted from 13 sec to 
yield a pumber termed the response . A response of less 
than 3 sec meant the animal was shocked before jumping to 
the pole, and a response greater than 3 sec meant the 
animal avoided the shock, in other words, the larger the 
response the faster the animal jumped to the pole. The 
paradigm repeated 30 times in a session, and the responses 
of 30 pole-jumps were calculated. Daily training continued 
until the average response was at least 8.3 seconds (Figure 
11, minimum base line response) , a point at which the 
response was becoming asymptotic. 
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Gas Dtltvery Apparatus ami Ua» froccdur os 

t 

Carbon monoxide and hydrogen cyanide of known con- 
centration (Matheson Company certified standard) were used. 
The CO included one bottle of 3011 ppm CO in air and one 
bottle of 99. St CO. The HCN was 2.131 in nitrogen. 

The bottled gases were connected to a plumbing 
system mounted under a walk-ln hood (Figure 14). The 
plumbing system included 3 gas flow controllers, control 
valves and rubber tubing (Figure 15). Cases from the 3 
controllers were homogenized by passing them through Z 
glass tubes filled with glass beads (Figure 15). The 
valves and homogenisers were connected through an isolation 
valve (Figure 15), so that HCN could not contaminate the CO 
tubing. The mixture then flowed from the homogen izers to 
the top of the animal response chamber (Figaro lb). 

The response chamber lid contained a 4 inch fan to 
insure rapid mixing of inflowing gases with the chamber 
atmosphere (Figure 16) . The fan’s efficiency was checked 
with a stannic chloride smoke generator placed at the cham- 
ber inlet which showed that the fan mixed the smoke 
quickly. The increased chamber pressure »caused by the 
inflowing gases was vented out the bottom. The outlet fit- 
ting was a stainless steel tee with one arm serving as an 
exhaust and the other containing a septum (Figure 17). To 
insure the chamber was sealed, a tube connected to the 
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exhaust was placed in a beaker of soap solution to observe 
the bubbles. 

Gas samples were drawn from the septum into a SO 
ml plastic syringe (Figure 17) » with a shut off valve, for 
CO analysis by molecular sieve gas chromatography (Varian 
Instruments) . CO concentration was sampled at 2 min, at 5 
min and then sampled at 5 min Intervals until the end of an 
experiment. The HCN concentration was determined at 2 min, 
at 5 min and then at 10 min intervals using a NaOH scrubber 
(Figure IS) and an Orion cyanide specific ion electrode. 

The cyanide analysis was as follows : 

1. Each day, solutions of 10*^, lO'^ and 10’^ M CN* 
were prepared in 0,1 M NaOH, and the standard elec- 
tric potentials produced by the cyanide specific ion 
electrode were read on a Beckman pH meter. 

2 . A plot of electrical potential versus CN' concen- 
tration was made and demonstrated that change in 
potential was linear from 10 ^ to 10*^ M CN . 

3. During a test, a known volume of gas from the 
response chamber was pulled through a NaOH scrubber. 
This was accomplished by removing the CO septum and 
connecting the inlet side of the scrubber to the 
septum arm of the exhaust tee and the outlet side of 
the scrubber to a small pump. 
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4 . Following the time schedule mentioned previously, a 
10 ml sample of the scrubber solution was drawn to 
tnalyte for CM’ concentration, 

5. After each sample was taken, gas flow through the 
scrubber was checked with a bubble column. 

The scrubber solution, which was 0,1 M in NaOll and 
10 * M in CM , contained enough CM , so that the CM con- 
centration of the first sample taken was in the linear 
region of electrode response. The acid HCN gas was neu- 
tralysed by the MaOH in the scrubber, and the increase in 
cm’ concentration in the scrubber solution was converted 
into HCN concentration in the vented gases. 

Toxic Gas Testing with CO and HCM 

Subjects 

. Subjects were male Swiss Webster mice 8-10 weeks 
of age (35-40 gmi. On receipt '*rom the animal colony, the 
mice were housed in rodent cages in a souad attenuated ply- 
wood box. The box had a fan that circulated air at a max- 
imum rate of 50 cu ft per minute. A fl orescent light 
automatically oi)eratod on a 12 hr light-dark cycle. The 
animals were provivled food and water ad lib. 
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Carbon Monox idc-Dyn>«ic Conontrition Mtthodology 

Using tho following procedure, individual nice 
were exposed to increasing concentrations of CO that 
approximated the production of CO in the NASA Radiant Panel 
Test System. After placing the gas apparatus outlet hose 
in the walk*in hood suction vent, the apparatus was 
adjusted to deliver a predetermined CO concentration and 
allowed to equilibrate. Concurrently, a trained animal was 
placed in the response chamber ^ the fan was switched on and 
the paradigm was begun to allow the animal 5-10 warm up 
trials. The warm up insured the animal was at base line 
when the experiment began (Dilley et al . 1977). At zero 
time, the gas ap(»aratus outlet hose was placed in the 
chamber inlet iitting, and the exposure began. 

The CO concentration of tho inflowing mixture was 
such that the response chamber contained 600-3000 ppm CO 
within 5-15 min. The desired experimental CO conditions 
were randomized by listing them on separate pieces of 
paper. The slips of paper were placed in a basket, and the 
tests were drawn each day until the basket was empty. All 
testing occurred between 13:00 and 16:00 hours. 

Exposure was terminated by either of two contin- 
gencies: 1) the animal failed* to escape the shock three 

consecutive times and had diminished postural tonus frigure 
25, page 82), or 2) thirty minutes elapsed. The 30 min 
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time limit wa> similar to that iisov! in the radiant panel 
burns. Coatin^eiuv 1 applied in -i» of ihe e\per imeiit . 
In .tddition to the loss of eswMpe, the initial beha vioral 
change li.h,c.> uas also determined. This change was 
defined as: 11 the first trial the animal failed to avoul 

the shock (avoidance block i that was followed by loss of 
avoidance until the end of the experiment, or Z) the first 
trial the animal failed to avoid the shock that was fol- 
lowed by 4 avoidance blocks in the next o trials, figure 
24 (page 81) is an example of situation 1, and figure 2S 
shows situation 
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In three of the dvnamic concent rat ion tests, the 
trained animal was remwH'ed from the pole -.tump apparatus 
immedia-telv p -st -exposure , the chamber was flus!ud uith a;i 
for ? min and t’ae atmes]'here was sampled for residual . 
The animal ivas then put hack :n the chamber and pen 
odically tested for recevery of pole-uimp behav u>r until 
Its response returned to base line. 

Carbon Monoxide static Concent rat ion Methodologv 

I't. . »»|1 I || « 1| I H ill ■ ■ 11 — I 'l.— ■■■■. ma IMI I III II Pii PI 


Static exposures, to determine the variation in 
time to the behavioral end points among animals in the test 
population, were done at two CO conconr rat ions . The static 
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and dynamic methodologiea difCared in tha foUowing 
refpectf . As is the dynamic tea ts » a trained animal was 
placed in the pole-jump apparatus* the api^aratus wa« 
sealed, the fan activated and the paradigm begun. At the 
same time, the gas apparatus was adjusted to deliver the 
appropriate CO concentration and allowed to equilibrate. 
After approximately S min, however, a calculated qui*ntity 
of py.St CO was injected (50 sec) Into the response chamber 
in a location that caused it to pass through the fan before 
reaching the animal. The amount of CO necessary to produce 
the desired chamber CO concentration was determined by a 
number of preliminary tests. 

In the preliminary tests, a predetermined quantity 
of CO was injected into the chamber, and the 

resulting CO concentration was analyzed by GC, Adjustments 
were made in the quantity of CO introduced, and the process 
was repeated until the desired chamber CO concentration was 
attained. 

After injection of the CO was complete lit) 

sec), a co-air mixture equal to the chamber in CO concen- 
tration was diverted into the chamber from the gas delivery 
apparatus at a rate of b 1/min. The exposures were ter- 
minated by the dynamic methodology criteria (page 56) 
except that the time limit was 61) min . The longer limit 
was necessary, because the low CO concentration used in one 
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itt of txptrinenti required, in soae aniMlt* wore than So 
iiin to cauae loaa of c5cnpc. All teeting waa done between 
9 -.00 and 12 j 00 houra. 

Carbo xyhtaoglohin Concentration at Loaa of Eacape 
and Dcatn 

The percent COHh waa determined by the method of 
Williams et al. (I9b0) at the second behavioral end point, 
loss of escape. Two paradigm trained animals were sacri- 
ficed, using C0>, immediately after the first trial they 
failed to escape the shock. Both animals exhibited reduced 
postural tonus when sacrificed. 

To compare the percent COHb at loss of escape with 
that existing at death, 3 untrained mice were exposed to 
6000 ppm CO until their respiration ceased. They were 
immediately removed from the chamber and blood analyses for 
percent COHb were done. 

Half Life of COHb in Mice 

In 4 experiments, groups of 8 mice were exposed to 
increasing concentrations of CO (0-3000 ppm) for 20 min in 
a cubicle of the pole-jump apparatus. After exposure, the 
group was removed from the apparatus and one mouse was sac- 
rificed every 5-15 min using ^ blood sample (0.5 ml » 
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was collected by intracardiac puncture, and the percent 
COfib was deternincd 

Hydroien Cyanide 

There is little information in the literature con- 
cerning levels of HCN that cause behavioral changes in 
mice. In order to find a reasonable range of HCN concen- 
trations to work with, 17 trained nice previously exposed 
to CO were used first. After this range was determined, a 
list of desired HCN concentrations was prepared and placed 
in the basket. Naive conditioned mice were then exposed to 
HCN concentrations drawn from the basket using the static 
CO methodology. 1 ) The subject was placed in the box, 

2 ) the paradigm was begun, 3) a predetermined amount of 
2.13*# HCN was injected and 4) the HCN -air mixture was 
started .into the chamber. The static CO methodology end 
point criteria were used. All testing was done between 
10:00 and 14:50 hours. 
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Chapter 4 
RI-SULTS 

Base Line Respomu? 

Figure 1! (page 43) is a typical learning curve 
for 9 alee trained in the pole- jump apparatus. As shown in 
the figure, all P mice were trained on days 1 and Z, After 
day 4 of the 9 mice were near base line response; as a 
result, on day 3 only the 5 slower learners were trained. 

On day 4, 4 of the i> mice were randomly selected and 
trained, and the balance were trained on day S . Hence, the 
9 animals were at base line response by days 4 and 5. The 
average base line response for B9 animals trained was 9*9 
t 1.0 SEM seconds. Three animals were eliminated, because 
they learned to jump up and cUng to the pole lever appa- 
ratus when shocked. 

dynamic Concentrat ion Tests with CO 

Table II is a summary of the 28 dynamic CO pole- 
jump experiments . in the table CT, listed in columns 2 and 
5, is the product of the average CO concentration in ppm 
times the exposure duration in minutes, CT was dcierminvJ 
by plotting the dependent variable CO concentration against 
time and integrating the area under the curve from zero 
time to the end points {rigure 101. The average CO 

M 
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TABLE n 


SiuMuirf of OfMRie CO Ea^furo 
Polo-Jyap Exforiaonet 


Exptr- 

ifMnt 

§ 

Initial 

Bohcv- 

iortl 

Ch«ns6 

(CT) 

Tim* to 
Inieial 

Changt 

(nin) 

Av«r«gt 

CO 

Xnieitl 

Ch«rfg« 

CPP«) 

Loli 

of 

Ete«Qt 

(CT> 

fiat to 
Lost of 
Eteapo 
C»in) 

Average 
CO ac 
Lose of 
Eacape 

<PP») 

M-24 

.203 

2.2 

3000 

7203 

2.2 

3000 

OB- 3 

10125 

4.5 

2250 

11913 

5.5 

2166 

M-19 

11866 

5.5 

2157 

11866 

5.5 

2157 

OB- 9 

6972 

4.2 

1160 

12924 

6.5 

1988 

M-12 

5652 

3.4 

1662 

WT) 

4.6 

1974 

M-20 

11187 

5.8 

1945 

11187 

5.8 

1945 

OB-6 

9503 

5.3 

1810 

9503 

5.3 

1810 

OB- 5 

11544 

7.0 

1649 

14387 

8.2 

1760 

M-18 

10428 

6.4 

1604 

10428 

6.4 

1604 

M-7 

3925 

2.5 

1570 

3925 

2.5 

1570 

OB- 2 

8183 

6.0 

1363 

13361 

7.9 

1564 

08-7 

10882 

8.0 

1360 

15267 

10.3 

1489 

OB- 8 

11544 

8.4 

1374 

13820 

9.7 

1429 

M-17 

11347 

8.2 

1390 

11347 

8.2 

1390 

K-8 

11792 

8.4 

1403 

13241 

9. 5 

1379 

M-6 

9500 

7.2 

1319 

9500 

7.2 

1319 

M-5 

9000 

6.9 

1304 

9000 

6.9 

1304 

M- 2 1 

14043 

11.6 

1210 

29286 

24.0 

1220 

M-22 

5433 

4.5 

1207 

5433 

4.5 

1207 

M-16 

135X0 

12.4 

1089 

20138 

17.1 

1191 

K-U 

4181 

6.0 

697 

20497 

18.6 

1101 

M-23 

6332 

6.8 

1012 

6832 

6.8 

1012 

M-15 

15367 

17.0 

904 

22074 

23.2 

953 

OB-1 

9830 

12.0 

S19 

14915 

17.0 

887 

M-13 

10360 

12.3 

842 

15891 

19.7 

812 

K-14 

9349 

11.7 

801 

9349 

11.7 

801 

H-25 


as 

m-mm m ' 


non* 

797 

M-26 

19300 

25.0 

111 


none 

772 
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conc«ntr«tioni» columns 4 and 7, were calculated by 
dividing the CTs in columns 2 and 5 by the end point times 
in columns 3 and 6. In experiments M-25 and M*26 avoidance 
was affected > however the escape response was never lost 
within the experimental time limit. 

Figure 20 depicts the dose response relationship 
of the average CO concentration versus time to behavioral 
end point data of Table II. The lines, dashed for the 
initial behavioral change and solid for loss of escape, are 
the best least squares fits of the data points. The ana- 
lytical program solved the equation: 

where T is time at the end point and C is average concen- 
tration for values of q, a and b, so that the sura of 
squares (SS) of the following relationship was rainimized. 

2 

S8 s I Trmaf — Tprmdictmd] 

The program required a beginning experimental 
value for time and concentration and a guess of the value 
of q. Various combinations wore tried. A concentration of 
953 ppm, a time of 23 min and q equals 1000 provided the 
minimum sum *‘f squares. The equation was solved for loss 
of escape using 3 criteria: I) exponents a and b were 

restricted to a value of 1, II) a was restricted to 1 and b 




Dose-Response for the Initial AVSflAGE CO ppm X 1®' 

Behavioral Change and Loss of 
Escape in the Dynaciic CO £.;po- 
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to 0.5, and III) a and b were between the values of -5 and 
S. The equation was also solved for the initial behavioral 
change using criterion III. The results of this analysis 
are listed in Table U1. 

Recovery of Conditioned Behavior After CO ^urc 

The times to return to pre-exi.^sure pole-jump 
response levels were determined in S of the dynamic exper- 
iments (Table IV). In the 3 animals tested, recovery, 
defined as 3 consecutive base line responses, was complete 
within 80 minutes. The animal exposed in OB-2 was tested 
for 2 days post-exposure and showed no decline in its base 
line response. 

Static Concentration Tests with CO 

The tests with two static carbon monoxid- concen* 
t rat ions, designed to show the variation in time to the 
behavioral end points, arc summarited in Table V. One 
group of animals (n*ll) was tested at lOPl ± 6" ppm, how- 
ever 3 animals did not reach the experimental end point of 
interest, loss of escape, in 60 min and were eliminated. 

At the higher concentration, 1626 t 81 ppm, all animals 
stopped responding and were included in the table. 
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TABLE III 


Analysis for Beat Fit Curvea to Describe the CO 
Concentration and Behavioral End Point Data of 
Table II and Figure 20 


Behavioral 

Change 

Conditions Placed 
on a and b 

Predicted 
Value 
a b 

Sum of 
Squares 

Loss of Escape 

a and b * 1 

1 .0 

I'.o 

570 

Loss of Escape 

a ■ 1, b » O.S 

1 .n 

0.5 

476 

Loss of Escape 

- 5 < a •- 5 
-5 < b < 5 

i.a 

0.3 

444 

Initial Behavioral 
Change 

•5 < a < 5 
-5 < b < 5 

1,0 

0.3 

140 
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miLE IV 

R«cov«ry of Polo-Jump lohavior 
Afetr Lots of Btotpo 


Exptrimont 

# 

Tlmt to Flrtt 
Polo-Jua^ Post-Expoauro 
(min) 

Tlmt to 

Apptrtnt Eteovtry 
(min) 

OB- 2 

37 

65 

OB- 6 

47 

80 

OB- 9 

14 

27 
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TABLE V 

Static Expoaura Pola-Junap Expariaiinti 
at Two Carbon Honoxidt Coneantrationa 


Sample 

CO Concentration 

Tima to Initial 

Time to Loss 

Size 

(Mean t SD ppm) 

Behavioral Change 
(Mean t SD min) 

uf Escape 
(llaan t SD min) 

8” 

1091 i 67 

13.^ i ^»0 

20 . 2 :: 6.3 

8 

1626 t 81 

8.0 t 1.8 

10.3 i 1.6 


* The actual aample aise was ll, however 3 anitrals failed to 
stop responding in 60 min and were not included in the 
calculations. 
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Carboxyheaoglohin Concentration at loits of r.scape 
and Icath " 

In order to compare carboxyhewoglobin at loss, of 
escape and at death, blood analyses were done in 5 animals. 
The 3 trained animals of experiments OB*7 and OB-8 sacri- 
ficed with CO 2 after the first trial they failed to escape 
had SI and 584 COHb, The 3 randomly chosen untrained mice 
killed with an exposure to 6000 ppm CO had 89, 76 and 814 
COHb . 

The Half Life of COHb in Mice 

The elimination of carbon monoxide from human and 
animal blood is a first order process (Peterson and Stewart 
Koroliov and Filippov 1979). For this reason, the 
half life of rOHh in each of the 4 groups of mice exposed 
to CO was calculated by plotting the natural log of the 
group members' percent COHbs versus their sacrifice times 
post -exposure . The slope of the best least squares fit 
straight line (Figure 21) through the group data points was 
divided into the natural log of 0,5 to yield the half life. 
The half lives of COfib in the 4 groups of mice were 21, 40, 
14 and 18 min. In total, 32 mice were analysed for percent 
COllh in this study. Evidence for the rapid elimination of 
CO was substantiated by the fact that, even though the 
first animals sacrificed in the 4 groups had approximately 
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NATUflAI. 
LOG OF 
FlflCfNT 
COHb 



Figure 21 

Decay of COHb in 4 Groups of flice 
After a 20 Minute Exposure to CO. 
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sot COKb, in 19 of 20 tninoU iterifictd 44 or sort ainutos 
poft-expo»ure, the C(^b last that lOt. 

Hydrogtn Cyanide 

The behavioral ehanfes in Mice axpoaed to HCN arc 
listed in Table V! and plotted as a dose'retponse rela- 
tionship in Figure 22, The tabl^ , which includes an in- 
depth description of the adverse behavioral changes 
occurring during HCN exposure, reveals the complex and sig- 
nificantly different behavioral pattern compared to that of 
CO. The test end points were the same as described for the 
static CO study. 


s 



TABLE VI 


pM* • 




Sunmmry of Bthavlor During 
Hydrogen Cyanide Expoaurea 


HCH 

<PP®> 

Teat 

# 

Time eo 
Initial 
Behav- 
ioral 
Change 
(min) 

Time to 
Leaa of 
Eioape 

(min) 

Deaeription of Behavior 
During Expoaure Including 
Occurrence of Tensor ary 
Loaa of Eacape 

130 

M-45 

“> 1 
*p • 4» 

2.1 

proacrate on grid, very 
deep breathe 

10 1 

M-52 

2.2 

2.2 

proatrate on grid, very 
deep breathe 

bO 

M-54 

5.2 

7.2 

loss of eacape from 5-7 
min one eacape at 7.2 min 

78 

H.58 

5.0 

13.3 

loss of escape from 5-12 
min one eacape at 13.8 min 

77 

M-60 

4.0 

9.0 

loss of escape from 4-6 min 
avoidance block 6-9 min 

69 

H*49 

4.0 

35.0 

loss of escape from 4-11 
min avoidance block from 
11-35 min 

68 

X-47 

22.0 

26.3 

erratic response with inter- 
mittent blocked avoidance 
during entire exposure 

66 

M-59 

9.0 

28.5 

avoldvinco block 9-19 min 
then recovery, avoidance 
block 25-28.5 min 

65 

M-55 

5.0 

46.0 

loss of escape from 5*12 min 
avoidance block from 12-46 
min 

64 

X-56 

37.0 

58.0 

avoidance block 37-43 min 
then recovery, avoidance 
block 52-58 min 
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Figure 22 

Dose-Response Loss of Escape 
in Hydrogen Cyanide Exposures. 
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Rationale for Developwcnt of the Pole* Ju»t> Apotratut 

The recent catastrophe* in U* Vegas are striHni- 
exanples of the potential for disaster in fires. The 
results were as familiar as they were tragic* Many victims 
were overcome hy toxic combustion products before they 
could escape or he rescued. 

A hypothetical progression of toxic symptonology 
in a fire would include many aspects. Initially, the vie 
rim might experience burning .and irritation in the eyes and 
nasal mucosa caused hy gases, such as Si), and NII^. At the 
same time, asphyxiants, like Ci>, and HCN* could affect 

m 

the central nervous system changing breathing rates and 
higher order thinking processes, rxposurc to increasing 
concentrations of irritants could completely close the vic- 
tims eyes and make breathing very difficult. In time COHb 
concentration could huild causing loss of motor function 
and incapacitation. In the end, if outside help did not 
come, death would occur. 

At some point in this scenario, the victim lost 
the ability to save hiinscn’, When this occurred has not 
been clearly defined, however a victim who has lost motor 
function is obviously in trouble, lor this reason, many 
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tuthori h4ve used motor function incapacitation as the 
critical end point in combustion toxicology studies; 
including Tackham Vt al . (1976), Crane et al. (1977;. Saito 
(1977) and Kanakia et al. { 1980) . 

Assessing incapacitation in a rotating cage or 
similar device is a simple task that produces time to inca- 
pacitation data. Unfortunately, no insight is gained into 
adverse changes occurring before loss of motor function.. 

It is also necessary to relate loss of wheel running 
ability to what is really of Interest, namely loss of 
avoidance and escape behavior. 

For these reasons a group at NASA , using the pole- 
jump response described by Cook and Weidley (1957) and mod- 
ified by DU ley et al. (1977) , developed an Instrumented 
pole-jump av^oidance-escape response apparatus to asscs^s 

combustion product toxicity. This apparatus allows 
# 

observation and quantification of behavioral changes as 
they occur and does not rely on a single end point. In 
addition, a species specific survival behavior is tested 
that more closely approximates the situation of the human 
fire victim than approximated by the rotating cage, 

Ihc pole-jump apparatus was designed to train artd 
test 4 animals simultaneously with lights as the CS or J 
animal with the tone as the CS, After a number of exper- 
iments, it was apparent that mice learned to avoid the 
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fhock More rapidly using the tone rather than the lights. 
Because understanding conbustion product effects on 
avoidance* escape behavior was of inmediate interest » the 
apparatus was used with the tone. Modifications to make 
the lights an efficient CS are discussed in Chapter 6. 

As mentioned previously, the tone was a very 
effective CS. Many animals learned to avoid the shock the 
first training day, and all learned by day 4. Figure 11 is 
a typical example. Once an animal reached base line, its 
response was extremely stable. Periodically, however, each 
trained animal tested the system to see if not Jumping 
would be followed by a shock. This phenomenon is normal in 
conditioned animals and is the first step In unlearning a 
behavior that is no longer reinforced {Fantino and Logan 
1979). Bewausc animals do periodically fail to avoid a 
shock, the initial behavioral change was defined by multi’ 
pie failures to avoid that occurred only during toxic gu> 
exposures. 

It was obvious from the frequency of defecation 
and urination that the pole-jump chamber was a stressful 
environment the first training day. Once avoidance was 
learned, however, the amount of feces and urine declined 
significantly. Preliminary experiments showed that a 10*15. 
min recess during the first day of training helped facil- 
itate learning which minimized stress. 
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A final characteristic of pole-jump to be con- 
sidered is secondary responses, which occur during the IT?. 
Initially, when avoidance was learned, secondary responses 
were common; but by training day 3, their number approached 
sero. 

Dynamic Concentration Tests with CO 

In the radiant panel system, burning materials 
normally produce up to 3500 ppm CO. During a burn, the CO 
increase profile can approximate a smooth hyperbolic 
function; or after a short delay, tiie increase may he 
almost instantaneous before leveling off. The dynamic con- 
centration tests with i!0, listed in Table II, sinmlateJ a 
range of CO increase profiles that rcsultcvl in mean C'» con- 
cent rations between "00-3000 ppm. 

The pole-jump test with mice worked well in t!u- 
desired concentration range of 800-3000 ppm as shown by tiu- 
dose-response relationship of figure 20. Be!<5w a iiiear. cn 
concentration of 800 ppm, the mice escaped successfully for 
more than 30 min, and the experiments were discontinued. 
Above a mean CO concentration of 3000 ppm, loss of escape 
occurrt’d in 2-3 minutes. 

Carbon monoxide is an unusual toxic gas in the 
respect that there is abundant information on its 
behavioral effects on both humans and animals (Latis and 
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Merifin 1979). From human and animal data» it ia obvious 
that there is a progression of increasingly distressful 
symptomology associated with the duration and concentration 
of CO exposure. 

It is apparent from Figure 20 that the pole-jump 
test reveals two concentration dependent behavioral changes 
with carbon monoxide. It is also apparent that the rela- 
tionship between the two end points is concentration 
dependent. For example, in the high CO concentration expo- 
sures where the animal responded less than o min, response 
was base lino and tht*n abruptly dropped to tero, A typical 
example is shown in Figure 25. In exposures lasting 6-12 
min, response was base line until the final 1-3 trials when 
the animal jumped to the pole only when shocked (Figure 
24). In low concentration experiments, where the animal 
responded for 15-25 min, the initial behavioral change 
occurred typically at about one half the time required to 
cause complete loss of escape (Figures 25 and 26), Fol- 
lowing the initial behavioral change, response was charac- 
terised first by escapes mixed randomly with avoidances, 
followed by complete avoidance block and finally by loss of 
escape. The pattern, then, seems to be that at high CO 
concentrat ions the animal is overcome rapidly, ;is evulencc<l 
by an abrupt loss of escape and postural tonus. Below mean 
CO concentrations of 1600 ppm, however, the initial 
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Figure 23 

Typical Example of Loss of Escape in 
Less Than 6 Hinutcs. 
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Figure 2 A 

Typical Example of Loss of Escape 
in 6-12 Minutes. 






in i'^-25 Minutes 
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behavioral change becomes increasingly separated in time 
from the loss of escape (Figure 20). 

Cook and Weidley (10S7) have discussed the rela- 
tionship between loss of avoidance, termed avoidance block, 
which occurs at the initial behavioral change, and loss of 
escape. These authors used the pole -jump response to dif- 
fer-'^ntiate between certain psychopharmaco logical urug.^ that 
block avoidance but not escape and those that eliminate all 
responding. As in the Cook and Wcidley (lyS") study with 
drugs, animals that were avoidance blocked, in this case by 
CO, retained good motor function evidenced by their rapid, 
coordinated jumps to the pole when shocked. Because the 
animals retained good motor function after they were 
avoidance blocked, they probably still could have run in 
the rotating cage. The fact is, however, that even though 
the animals could run and jump to tin pole, they did nut 
respond to ti’.e tone. 


By the 


i n i t i a 1 


behavioral change these animals had 


obviously passed an important milestone in their loss of 
survival behavior. I f these events are extrapolated to tiie 
human fire victim, the victim might remain in a dancercus 
location even tiurugh the muscular ability to flee was still 
intact. These results emphasice the importance nf 
attempting to determine the earliest significant aviverse 
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change and the problems with using only incapacitation to 
evaluate toxicity. 


The Relationship of CO Concentration and Duration 
Of Exposure to the Rldiavioral Chances 


Inhalation studies present a unique toxicological 
problem in dw'termining the dose ot the toxicant. One 
method of doscrihing the dose is C'C, or the concentration 
of the toxicant br.>nthod multiplied l>y the duration of 
exposure. Authors tuding billey et al. (1978), Hilado 
and Gumming {’i'*’? ) and Crane et al . (1977) have used CT to 
describe toxicity, and Dilley ct al . (1D7S) and Crane 
et al. (U)?"! have implied that tie CT relationship can be 
used to equate results of different duration CO exposures. 

It Kus apparent from an initial examination of tiiC 
dynamic test data that CT for loss of escape was nor a con- 
stant. For this reason, the C and T data were fit usinu 
the empirical model T * iq/C‘M * ’ to find values for th>. 
exponents a and h tliat would produce the best least squares 
fit. The model rearranged is C^t'^ » q. 

Hilado and Cumming (l‘.»77i used C T to describe 

the lethal dose of CO for rats and mice. When the C and T 


d.nta were manipulated with C restricted to 1 and T to n . r> , 
the sum of so.uares was reduced compared to results obtain*, d 
oy using . The best description of the dose causing 
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the initial behavioral change and loaa of escape* however* 
10 3 

was C T * . This relationship is similar to that reported 
by Hilado and Cumming (1977)* but it places even greater 
emphasis on CO concentration as a factor in behavioral tox- 
icity. Possible explanations for the importance of concen- 
tration are; 1) the change in rate of COHb formation near 
equilibrium (Forbes et al. 1945), and 2) the of enzyme 
catalyzed reactions hihihited by DJ (Chance et al. 1970). 

The relative importance of CO concentration and 
time to bchaviorul changes must be considered in terms of 
the Radiant band Test .System and fire safety. Materials 
that produce large pulses of CO and, as a result, localized 
peaks in CO concentration may be more dangerous than mate- 
rials evolving CO more evenly, even though by the end of a 
burn, they both produce the same maximum CO concentration. 
Thus, the fire safety of a synthetic material is related 
not only to the types of toxic gases produced hut also, in 
the case of CO, to how the gases are evolved. 


Static Carbon Monoxide Concentration Tests 

The static testing with CO was done to dcterrinc 
the time variation in the initial behavioral change and 
loss of escape end points. The variations at two CO con- 
centrations, reported in Table V, are reasonable and show 
the pole- jump test results to he rejiroduciblc . As would in 
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expected, animal it exposed to the lower concentration itad 
greater variahiUty in time to both end point.^. 

At J«9l t 6^ ppm, (!0 exposure caused a predictable 
loss of avoidance and escape in 8 of 11 animals tested. In 
3 tests, however, the animals continued to pole-jump fur 
more than 6P min, and the experiments were terminated. The 
curious ability of some subjects to escape at least 3 times 
as long as the majority of animals exposed may he explained 
by the percent COHb at equilibrium. A CO concentration of 
1091 ppm would produce approximately SZ* COHb at equilib- 
rium, which is in the range shown to be associated with 
loss of escape (see page 70). As explained by dosv 
response tlicory, however, animals in the test population 
would be intoxicated and stop escaping at dh ferent iH-rcenr 
COIIb's; so for a few animals, 52t. COHb m.ay be less than the 
effective concentration. A second factor may involve varj- 
ability in the rate of iT) transfer acr'^ss mem)»ranes causir.;.* 
some animals to reach critical COHb concentrations before 
others {Cagliostro li^SlK 

A Comparison of COHb at Lo ss of Ts eape and at Oth er 
^ y ^ ^ y j- |>'g 1 ~ Lnd Foi ht s 

The direct and indirect evidence is that loss oi 
escape is associated with about 50-55*^ COtfb . The direct 
evidence comes from the 2 trained mice sacrinced 
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immediately after loss of efcnpc that had approximately 541 
COlfb. Support also comes from the static C<> exposurvi* at 
1091 ppm. As stated previously, using a CO-hemoglobin 
affinity constant of 210 (Comroe 19?4), 1091 ppm (!Oi%iU 
produce approximate! v 52' COUb jit equilibrium. In this 
study, 8 of 11 mice stopped escaping, so S21 COlfb was the 
effective concentration for 75!. of the population tested. 
Recall also that in the static study, the higher CO concen- 
tration {lo2t) i 81 ppm), which would produce 60: CDfIb at 
equilibrium, caused a loss of escape in all tested animals. 
The relationship between loss of escape and other 
reported behavioral end points can be analyzed on the basis 
of percent COHb. Russo and Kaplan (1978") found that rats 
incapacitated by CO in a wheel running device had 187 COIU'. 
They also reported that rats trained in Sidman avoidance 
had greater than no* CT^Hb when significant response rate 
reductions were noted. Rats that wore incapacitated by C«» 
in rotorod and leg flexion devices had 49 and B2\> CoHh 
respectively (Mitchell ot al. 1978j, According to {'arter 
et al, (1973) exposure to CO for 1.5 hr (51,67 COlfb) elim- 
inated responding of rats on a fixed ratio IS schedule. In 
man, 45-501 COHb is also believed to he associated with 
muscular Incapnc i tatlon (Schulte, 1963; Crane et ul . 

(1977). Based on percent COHb, it appears that loss of 
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t»cape and incapacitation arc tqoivaient and that nan as 
well as rodents nay be sinilarly affected. 

s 

If incapacitation and loss of escape are cquiv- 
alent , this allows, with tone reservation, for a comparison 
of results obtained from the different models used in com- 
bustion toxicology. It is also verification that, through 
an analysis of the initial behavioral change and loss of 
escape, pole-jump provides earlier and more complete tox- 
icological information than provided ny syster.s such as the 
rotat ing wheel * 

Iho reservation is that *11 author- do nut con- 
sider percent t!OHh, which 14 the link between models, a 
good index of CO toxicity, i-or instance 1‘lcvova and 
hrantik (l9T4i found that rat.s exposed to 790 ppm (' i for 3u 
min (19, b* COIlh) had twice a.s great n decline in wheel run- 
ning ability as rats exposed to 200 ppm CO for 24 hours 
(22.6: COMb). They concluded that concentration and time 
must also be wonsidered in carbon monoxide toxicity. In 
another study, dogs were bled and then transfused with red 
blood cells containing 80* COHb yielding an average f'dib of 
57-04* (Coldbaum et al, 19751. Pogs exposed to («i so that 
their percent COHb was S4-9ii‘' died in 15 min to I lir, whUe 
the transfused dogs showed no apparent toxic effects, ihe 
authors concluded that the mechanism of Cu toxicity i;- 
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probably the eonbi nation of 4issolvcil to i^ith cy ten: hr amts 
rather than the reJuced oxygen transport capacity of tin* 
blood due to roHb. 

Half life of COlib in Mice and Its Relationship 
to tecoVery of i^oie*Jit»ip Scliivlor 

The four groups of »lce exposed to CO, so that 
they reached approximately S(H COHb, required from 58 -"o 
min to reduce their C(M!h to iht f Figure 21). In contrast, 
mice which had lost the escape response, previously shown 
to occur at approximately S4i COHb, began recovery 
min post-exposure with response returning to base line in 
minutes i Fable IV). Thc.se result.s, which should be 
considered preliminary, indicate recovery is not immediate 
upon removal trom the CO atmo.spherc hut seem.s to occur in 
the samo t ime f rame as dissociation and eli.-nation of Co 
from the blood. 

After CO expe.sure, mice removed from the chainhvr 
appeared to recover rapidly, becau.se they regained postural 
tonus, were alert and be:*.,n exp i »,r inj; in a few minuics. 

The fact is, however, as assessed by the pole-jump test, 
mice had not recovered for 27*80 minutes. If this phe- 
nomenon can be extrapolated to the human cn victim, those 
giving aid should be aware that complete recovery may not 
have occurred even though the victim .secm.-i normal. 
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Hydrogen Cyanide 

Hjrdrogon cyanide Is often found with CO as a com- 
ponent of combustion products evolved from nitrogen con* 
taining materials. HCN is classified as an asphyxiant and 
respiratory iriitant (Casarett 1975) and Is toxic at low 
concentrations. Tor this re:ison, it was chosen as a secami 
pure gas to be tested with the pole-jump apparatus . 

As stated previously, there were three goals to 
the HCN experimentation. The first goal was to bracket the 
working range of WCK concentrations-. This range was 
defined at the upper end by an abrupt, permanent loss of 
escape and at the lower end by no behavioral change in no 
minutes. The second goal was to compare the changes in 
pole-jump behavior caused by HCN exposure with those caused 
by CO. The third goal was to subjectively observe symp- 
tomology characteristic of HCN intoxication. 

The working range of HCN concentrations for mice 
is this study was 04-110 ppm (figure 25). In contrast, 
exposure to concentrations of 85-l6o ppn for 10 -bO min 
can be dangerous or even fatal to man iPalI.ard et al . 

. 

The pattern of behavioral changes resulting frvun 
lU.N and Civ exposure differed. Gas concentrations greater 
than 100 ppm H(!N and 3000 ppm CO caused a similar abrupt 
loss of e&cupe. below 100 ppm HCN, however, .3 of H mice 
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lost the escajH' response in approximately !» min aiiU sub 
sequently recovered enough during the exposure to he'fn 
escaping again { labie VI>. i^f the 5 remaining animils, 2 
had early avoidance blocks followed by temporary rccovorv, 
final avoidance block and loss of escape. The pattern of 
avoidance block and recovery, or loss of escape and 
recoverv, tvpicai of HfS, \%as never seen during i‘0 
exposures . 

I he nuk. o seemod t o be stunned by becacse 

tiiey retained gi'od bodv posture but would not jump to 
the pole, Often when they recovered and began to escape, 
the mice would wait in a position oriented toward the 
pole, sometimes with tluir paws on the pole, until being 
shocked. 

If humans react to HCN in a similar qualitative 
manner, pulses of He\ produced in fires could c.iuse dra- 
matic changes in abilit\ to escape, ft is conceivable that 
one could be stunned bv Ht’N’ and then fatally overcome by 
‘‘o. !n this hypothetical situation, the concentrat ion of 
Ik'N in the V ict im ' s blood might not warrent its consid- 
eratimj as a yausc of death, even throigh it hid rlio initml 
adverse impact. 

l.evine and Stypu 1 kowsK i ( IhS'.M ohsi-rvcd rat - tliat 
were exposed to liCN gas. They described 4 stages of intvx 
ication. In the first stage, the rats res[>ondod by 
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restlessness am! increasing activity leading to violent 
attempts to escape the chamber. In the second stage, vol* 
untary murcular activity and postural tonus were greatly 
decreased. At this point, respiration varied from very 
deep, slow and regtilar to irregular witli short pt-riods uf 
apnea, Levine and Htvpulkowski *s report is thv onlv 

subioctive do>cription of rodent behavior durtny IK*N 
exposure to- compare with ohservat ions o>f mice made during 
this study. 

Mice exposed to IH'N also seemed restless ini- 
tially. One curious and common behavior, which involved 
the mice placing their snouts between the grid bars and 
walking buck and forth, was never seen in the rn exposures. 
After a few minutes, respiratory rate and depth changes 
were obvious in the mice. When the los *’ e.«cape was per- 
manent , the animals had decreased p»'stural tonus and were 
probably in levine .itul St ypul kewsk i ’ s "^tage 2. cino 

symptom not runtioned by Levine and Stypulkowski (IProjt 
occurred during recoverv in tlie more intoxicated animals, 
rhese animals experienced violent tremors, never seen fol 
lowing CO exposure, that lasted up to 10 minute^. After 
the tremors subsided, the animals were able to move about 

ft 

and seemed normal within 4^ minutes. 
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Hot*- the CO and [>CN Data are Used to Intcrp ry t 
a Ractiant rand Burn 

The final section describes a itethod to interpret 
changes in pole-jump behavior that occur during burns of 
synthetic materials. U Animals , described in this thesis, 
were exposed to known concentrations of pure CO and HON' to 
determine adverse changes in avoidance and escape behavior . 
2) Using essentially the same methodology, trained animals 
were exposed to combustion products in the Radiant Panel 
Test System. S') During the radiant panel burns, gas and 
vapor samples were taken to measure concentrations of atmo- 
spheric const ituents , including the toxicant s, I'O, and 0,. 
41 The mean CO concentration (Cl and the time to the 
initial behavioral change and loss of escape (T) of tlie 
burn were compared to the dynamic CO data presented in 
Figure '2n . Si If the CO concentration in tb.c Inini ade- 
quately explained the hehaviora F clian.u'. s , then ( was con- 
sidered the primary toxicant produce<l by rltv polymer. In 
those cases vviiere loss of avoidance (.ad escape cv'ulvln’t be 
explained by CO, the other toxicants were invest igrrted. 

Figure 2*' shows tlic CO, HCX, C0-. and i'., cencen- 
t rat ion changes and changes in response that occurred in 
the course of a typical burn. Along with these gases a 
variety of organic vapors wore produced, including aniline 
and quinoline. It can he seen that loss of avoidance 
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{i.b.c.> oc,.uriCil ii jugnificant amount o*. to ^wa^ 

ovolvcil. In part » viilar burn ccnUition>, lU \ »».i> 

j»robably the initial prim.irv toxicant produciHl by the 

|H'I vmci . 

’ho.'io conclusions, of course, are vor\ pri'lim- 
inarv; because the effects of low 0, anU incro.iscJ i\i, 

w» m 

the ituitvtJuvil and svnergislic actions of other combust ion 
products have lu^t been defined. This tvpe of analysis, 
however, does begin to explain the burn toxtcoiogv of a 
{H'lvmer on the basis of its evolved const i tuent n . ilu 
polvmer chemist can use this information to modify the 
chemical structure of a polvmer in order to redtico its 
toxic threat in a firo. 
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CONClUSfOSS 

A pole-jump apparatus was designed and const rue ted 
to test for changes in avoidance and escape behavior in 
mice expo&ed to toxic gases » vapors and particulates. The 
data reported in this thesis suggest that pole-jump is a 
valid technique to characterise and contrast the adverse 
impacts of toxic gases on avo*dance and escape, which can 
he used to interface with the K'ASA Radiant Panel Test 
Svstem. j^upport for these conclusions is as follows : 

1. role-.iufflV avo id.ince-escape behavior is probably a 
more accurate model of -survival required in a fire 
than rotating wheels or other models c'lrrently being 
used in combust iv'n toxicologv, 

2 , A dose response in the CO c 'ncent rat ion range pro- 
duced by burning plastics in the radiant panel sy>- 
Vem was shown for Kiss of avoidance and loss of 
escape. 

For th ' first time, a CO dose* response was shown for 
loss of avoidance and escape in the pole-jump test. 

i. i‘he studies with CO confirm what was already 

reported that exposure causes a progress ive dec 1 ine 
or slowing in tested behaviors. The predicta!»l< 
dose dependent pattern of behavioral changes varied 
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froa ropid incapacitation at high CO concentrations, 
to no effect foUowed by the initial behavioral 
change, lost of all avoidance and lota of escape at 
lower CO concentrations. 

5. An empirical model, used to show that the relation- 
ship between CO concentration (C) and time to loss 
of escape (T) in the pole-jump test was 

revealed the toxicological importance of CO concen- 
tration. From this came the idea that materials 
producing CO in large pulses might be particularly 
wdngerous . 

6. That static test methodology showed that among ani- 
mals in the test population variation in time to the 
two end points was reasonable and that results were 
reproducible. 

?. Loss of escape was associated with SO-SS*,, COilb . 

Thi.s conclusion was supported directly by blood 
analyses at loss of escape and indirectly by loss of 
escape occurring in "3* of animals exposed to CO 
that would produce 52. COHb , Based on percent COHl , 
loss of escape was shown to be equivalent to inca- 
pacitation reported by other authors, which allows 
comparison of different behavioral systems currently 
being used in combustion toxicology. 
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S. It follows {torn point 7 that polc-jiiap provides a 
signific.^nt quantifiable adverse behavioral change* 
loss of avoidance, occurring before incapacitation. 

9. This thesis also showed that recovery of avoidance 
and escape behavior was probably related to decline 
in percent COKb and that anieals that appeared to 
have recovered following CO exposure were still 
unable to avoid or escape for some time. 

10. The first description of the effects of HCN on 
avoidance and escape was presented in this thesis . 
HCN produced a dose-response for loss of escape 
within a narrow concentration range. 

11. A phenomenon described as stunning was shown fur HCN 
that could be contrasted to the behavioral changes 
caused by CO. If HC.N is present in a fire, it 
should be a suspect in causing the initial adverse 
behavioral change, 

iZ. Tinally, a method was described of interpreting the 
toxicology of combustion products produced in the 
radiant panel by using CO as a standard. This con- 
stituents approach may aid in the development of 
safer materials by revealing the primary toxicant. 

Authors including Alarie and Potts and 

Lederer (li5?r) have discussed the need for research into 
more sophist icated hohavioral systcris for combustion 
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toxicology. The pole- ju«p device tested with a variety of 
pure gases and combustion products may provide the next 
step forward in understanding and improving the toxico- 
logical aspect of fire safety. 

As in all research projects numerous opportunities 
for further study and potential for Improvements in equip- 
ment were recognised. Opportunities for further research 
include the following; 

J. Tests should he done to determine the percent COHb 
in mice at the initial hchavioral change. 

J. An attempt was nuule te Ifternatu' how Hi N and t.o com* 
b mat ion I effect aveidaiue escape hcliavi'H*. It •^%a^ 
net pes*iih!w, luwcvcr. to reproduce Ih \ concen- 
trations uith precision. Hefore testing is 

resumed, either a soph ist icaf ed mixing instrument or 
commerciaUy pro-mixed gases must be purchased. 

5, iiCX ha.^ been shown to cause swelling and fenes- 
tr. 1 t ions in central nervous system tissue Ofirano 
et al . li’n'l. It would be interesting to j«ee if a 
learning deficit develops in mice exposed to an 
acute dose of Hi’S’, This would he '’ory significant 
in understanding the long term post -exposure tox- 
icology of people hreathing HCN in a fire 
Kecause elevated CiU and diminished »"i, normally 

' tai ' 

occur in fires, once the relationship is 
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0, U«*:) con%rcnt rat Ions. 
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These basic relationships have not been investigated 
hv combustion toxicologistsi as a result, dis- 
cussions of adverse changes in animal behavior 
remain verv superficial. 

5. i xper iment at ion should continm sith other common 
toxic Mases, including the irritants, so their 
effects on avoidance and escape behavior can bo com- 
pared CO and HCN. 

Modifications in the equipment include the following: 

1. To increase the efficiency of training and exposing 
animals and interpreting data, the best type of 
light for the CS should be determined. This change 
could involve; i) increased light intensity » 

ii' darkened chamber walls to increase contrast, 
iiil strobe type bulbs or ivl colored light bulbs. 

2. The control module was engineered, so v it a unnp 
to the pole after the CS begins only eliminates the 
shock while thkC CS is on. Kecause poie‘ya*’'ps dunny. 
the pau<e or UCh^ will not eliminate or terminate tiu 
shock, a paradigm with the IH'S following tliv’ CS or 
witii a pause between ttie l*S and the U»’s can not h, 
used. Jumps to the pole must be associated 
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tllMifittion of $hoc%B if rodents are to learn 
avoidance quickly {Fantino and Lofan 1977). The 
systea should be chanted, so that any correct 
response froa the beginning of the CS until the end 
of the UCS eliainates or terainates the shock. 

The Grass S09 stiaulator, which provides constant 
voltage to each grid, should be aodified to provide 
constant current . in addition, aap aeters should in- 
installed on the control aodule to monitor the cur- 
rent each aniaal receives . 

Manual shock switches, a part of the control module, 
malfunctioned. The manual shock capahility is 
extremely helpful in training. Animal icarnini: is i 
process of shaping one desired behavior from a group 
of etju.iliy likely behaviors fUonig and Staddon 
111"”), A.< mentioned before. Holies described 

the normal survival behaviors in rodents, including 
Jumping, running and freezing. Mice display all of 
these responses until they realire that the pole 
will protect them from the shocks. During training 
a naive animal will often investigate the pole 
during the inter-trial interval. A shock given man- 
ually, out of sequence , to an animal that has its 
paws already on the pole will usually result in a 
successful nole-iump. It only takes a few such 
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